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MATERIAL GROWTH AND CHARACTERIZATION FOR 
SOLID STATE DEVICES 
SUMMARY 
Dur ing  t h i s  r e p o r t  p e r i o d  InGaAs and InGaAsP were grown upon 
(100) InP by l i q u i d  phase e l e c t r o e p i t a x y  (LPEE). 
e p i t a x i a  
p resen te  . 
c u r r e n t  d e n s i t y  d i s t r i b u t i o n  near t h e  edges o f  a masked p a t t e r n .  
qua te rna ry  InGaAsP was grown w i t h  composi t ions corresponding t o  1 .3  j m  
and 1 . 5  )m emiss ion wavelengths.  
R e s u l t s  o f  t h e  
growth of InGaAs on spu t te red  q u a r t z  masked s u b s t r a t e s  a re  
The r e s u l t i n g  su r face  morphology can be r e l a t e d  t o  t h e  
The 
Growth r a t e s  were found t o  be 
l i n e a r l y  dependent upon c u r r e n t  densi ty ,  and a s t r o n g  dependence upon 
composi t ion was noted. These composi t ions l i e  i n  t h e  m i s c i b i l i t y  gap 
r e g i o n  o f  t h e  a l l o y  phase diagram a t  t h e  645 OC growth temperature.  
Growths were performed a t  685 OC t o  a v o i d  t h e  m i  s c i b i l  i ty  gap. 
E p i l  ayers were c h a r a c t e r i z e d  b y  photoluminescence, X-ray d i f f r a c t i o n ,  
S I M S ,  and H a l l  e f f e c t  measurements. Aluminum o x i d e  was depos i ted  upon 
s i l i c o n  and InGaAs s u b s t r a t e s  f o r  t h e  c h a r a c t e r i z a t i o n  o f  t h i s  m a t e r i a l  
as an i n s u l a t o r  i n  a f i e l d  e f f e c t  t r a n s i s t o r  s t r u c t u r e s .  I t  was 
determined t h a t  t h e  r e s u l t s  d i d  not w a r r a n t  f u r t h e r  work w i t h  t h e  
d e p o s i t i o n  from an aluminum isopropoxide source. A m e t a l o r g a n i c  vapor 
phase e p i t a x y  system i n s t a l l a t i o n  system i s  n e a r i n g  comp le t i on  f o r  use 
i n  h y b r i d  111-V semiconductor e p i l a y e r  growths.  
i 
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INTRODUCTION 
T h i s  research report presents results of a program i n  semiconductor 
materials deposition, characterization and fabrication of electronic 
devices. 
( L P E E )  of InGaAs and InGaAsP on I n P  substrates. 
been previously referred t o  a s  current controlled l iquid phase epitaxy - 
C C L P E ) .  The original proposed tasks are l i s t e d  here. 
The primary deposition process i s  l iquid phase electroepi taxy 
(This growth process has 
_ _  
lASK I :  
Mu1 t i  layer growths by LPEE,  with a n  i nvestigati on of dopants and 
select ive growth techniques. 
t o  be performed with a metalorgani c vapor phase epi taxy system whi ch 
i s  under development. 
Also, hybri d mu1 t i  layer growths were 
TASK 11: 
Electronic device fabrication. 
insulator for the gate was t o  be fabricated, i f  a feasible deposition 
A MISFET device with a deposited 
process could be developed. 
TASK 111: 
Fabri cati  on for a p-i - n  photodi  ode for sensor appl i cat i  ons.  Thi s 
structure woul d uti l i  ze a selective mesa growth a n d  a diffused 
junction. 
These goals have been modified t h r o u g h o u t  the contract period t o  
r e f l ec t  changes i 17 process techniques, fundi ng a n d  personnel experti se. 
In the next section, the various technicLa1 resul ts  will be presented. 
Appendix A contains abstracts o f  five theses completed by M.S.E.E students 
duri ng t h i  s reporting peri od. 
L 
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TECHNICAL D I SCUSS I O N  
In th i s  section the various results of the research a c t i v i t i e s  d u r i n g  
thi s reporting peri od are presented. 
A.  Selective Area Growth of InGaAs 
The growth of InGaAs i n  localized regions of an InP substrate was 
investigated as a means o f  creating device mesa structures or isolated 
d o p a n t  regions. 
direction. Thus, t renches  car! bo formed in t h e  substr;te surfacs and then 
re f i l l ed  with another l a t t i  ce-matched semiconductor compound o r  alloy. The 
masking material must be able t o  withstand the g rowth  temperature cycling 
and be a sui table, non-contaminating e lec t r ica l  i nsulator. Ion beam 
sputtered q u a r t z  (Si02) has been used for the mask i n  t h i s  work. 
Growth or etchback can be achieved by reversing the current 
Selective growth of InGaAs islands on Si02-masked Fe-doped (100) I n P  
substrates was performed by l i q u i d  phase electroepitaxy. 
layer was done a t  a constant furnace temperature o f  640°C by passing a d i r ec t  
e l ec t r i c  current from the substrate t o  the melt. 
was 1 t o  5 A/cm2 f o r  a peri od o f  15  minutes. 
of  various s izes  ( 80 x 100pm ,to 3000 x 3000pm), and different geometries 
(narrow and wide s t r ips ,  square, c i rcu lar ) .  
The growth of the 
The current density used 
The i solated I n P  regions were 
A uniform growth with excellent 
surface morphology (no  terraces or voids or defects) was obtained on s t r i p s  
as wide as 200pm and on c i rc les  with diameters less  t h a n  500pm. Figure 1 i s  
photoiiiicrcyraph of two x r r w  str ips  150 x 3 C O C p  each. 
shows a terrace-free surface with no \ ~ o i d s  o r  defects 31- other features. 
Figure 2 i s  a photomicrograph of a cleaved section 2f  s;ie o f  the s t r i p s  shew:? 
in Fig.1. 
a n d  the sides c ? f  the layer are perpendicular t a  the < I l l >  directions 
(?.Scut 54.S" aiigle with the (100) substrate) .  
The Ti gure c lx i - ly  
The figure shows the unifomiity o f  the l a y e r .  The shape O F  tlie 
groiith 1 ayer that protruded frciil the substrate coi ncicieci with the mask patterc i 
c 
3 
Figure 1. Surface morphology of InGaAs epilayer grown on a 
1 5  minutes. 
narrow s t r i p  geometry a t  640 O C  and 1 A/cm 2 for 
Figure 2. Cleaved section of the narrow s t r i p  showin i n  F i g .  1. 
The layer  i s  a b o u t  1 7  pm thick a n d  150 urn wide. 
4 
For islands with wider geometry, the growth was uniform rup t o  100-200ym 
from the peri phery with excel1 ent surface morphology. 
region was slightly thinner and the surface morphology was of in fer ior  quality. 
Figure 3 i s  a photomicrograph of a wide strip (780x 20001.lm). 
However, the central 
The u n i  formi ty  of the growth  i s  attr ibuted t o  the u n i  formity of the 
e l ec t r i c  f ie ld  along the substrate melt i nterface 
model of the substrate, back-contact melt, growth  melt, and Si02-mask, shown 
i n  Fig. 4, i s  used t o  investigate the uniformity of the e l e c t r i c  f ie ld  along 
the S-M interface. 
geometries i s  done 
resul ts  of the model for narrow and wide geometry as  well as  other experimental 
resul ts  are presented i n  Appendix B ("Selective Electroepi t a x i  a1 Growth of 
In0. 53Ga0. 47 
1987 SOUTHEASTCON i n  Tiampa, Florida, A p r i l  5-8, 1987. 
(S-+I) .  A mathematical 
Numerical solution of the f ie ld  equation f o r  different  
by the f i n i t e  element method. The computer simulation 
As on (100) - Fe:InP"). This paper will be presented d u r i n g  the 
, 5 
Figure 3 .  Surface morphology of InGaAs epilayer grown on a 
wide s t r i p  geometry a t  640 OC and 1 A/cm for  1 5  
minutes. 
2 
Figure 4.  Schematic cross-section of  the substrate,  g r o w t h  
melt and back contact melt model used t o  analyze 
select ive epitaxy. 
c 
I 
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B. Growth and Characterization of InGaAsP 
Ga As P quaternary alloys w i t h  compositions corresponding t o  In1-x x y 1-y 
1.31pm and 1.52pm have been studied i n  detai1[14]. These alloys have appli- 
cations i n  devices for optical  f iber  communications since the f ibers  
exhibit  desirable transmission and dispersion properties i n  these wave- 
length regi ons. 
The epi taxial  InGaAsP layers were grown l a t t i c e  matched t o  (100) InP 
s u b s t r a t e s  us!'!?.; t h e  LPEE tech:,:'ye a t  545°C. The m e l t  composition ca1cuiai;l' OflS 
were based upon information for  the InGaAsP system by Hsieh [l]. 
compositions were grown: In. 6$a,qOAs 
In .  73Ga. 27AS. 60'. 40' c I n .  73' 
furnace temperature of 647°C with a d i r e c t  current density of 3 t o  15amp/cm , 
Two solidus 
. A =  1.52~m) and 
h = 1.31pm). Growths were performed a t  a constant 
.85 P -15 ( I n .  60' 
2 
The variation of growth-rate as a function of current density and 
composition was studied. In general, the g r o w t h  r a t e  of the epilayer was 
found t o  be 1 i nearly dependent on current density for  b o t h  compositions. 
However, f o r  In.73 the growth rate was found t o  be non-linear a t  low current 
dens i t ies .  The growth  r a t e  was found t o  be a function of the composition of  
the quaternary layers. 
times larger  than t h a t  of the In.73 layers .  
t h a n  3win could not be grown. 
be at t r ibuted t o  the f ac t  t h a t  these compositions l i e  i n  the miscibil i ty gap 
region. 
The growth r a t e  of the In.60 layers was almost six 
Furthermore, layers thicker 
The low growth r a t e  of these materials could 
The growth velocity behavior w i t h  a l loy  composition i s  shown i n  F i g .  5. 
Literature d a t a  fo r  s tep  and equilibrium cooling g r o w t h  of t h b  quaternary a re  
a l so  indicated i n  t h i s  figure. 
The l a t t i c e  mismatch between the epilayer and the substrate  was determined 
by the single crystal  X-ray diffraction technique. 
good match w i t h  Aa/a = 0.04% Was obtained, whereas for  the In;60 samples an 
For the In.73 layers  a 
T 
I n .  53Ga. 47AS I n P  
Figure 5. Norrnali  zed^ g r o w t h  r a t e  v5.t a l l  oy composi t ion.  
v e l o c i t i e s  from l i t e r a t u r e  d a t a  a r e  a l s o  shown. 
Growth 
Step-cool ing:  o Cook, e t  a l .  [Z], x Kunishige, e t  a l .  [3], 
A Feng, e t  a l .  [4], D I s h i b a s h i ,  e t  a l .  [5], 
V Hsieh, et a1 . [l]. 
E q u i  1 i bri urn 
cool i ng  : * Amano, e t  a l .  [6], I Pear sa l l  , e t  a l .  [7] 
LPEE : 0 This work. 
8 
i ncrease i n  1 a t t i  ce m i  smatch w i t h  consecutive growth runs from the 
same me1 t was observed. Room temperature photo1 uminescence measurements 
were also performed. 
peak wavelength for consecutive growths from 1.56pm t o  1 . 4 9 ~ .  However, 
the IneT3  layers  only shif ted i n  wavelength from 1 . 3 3 ~  t o  1.31um for  
consecutive growths. 
The Inabo samples exhibited a systematic sh i f t  i n  
Electri  cal character! zation was done by performing Hall measurements 
a t  room temperature. The Hall mobi l i  t i e s  for  the u n i  ntentionally doped 
quaternary layers were i n  the range of 3900 t o  5680 cm /V-sec. 
c a r r i e r  concentration was typically i n  the low 10”cm range. 
2 
17 -3 
The 
In order t o  a v o i d  the miscibil i ty gap i n  the phase diagram, growths 
of the 1.3r.m a1 
were t r i ed  i n  
concentration 
graphite b o a t  
puri f i  cat i  on. 
connecti on t o  
Care was also 
loy were performed a t  685°C. 
order t o  reduce the residual ca r r i e r  concentration. A low 
of 2 x 1016cm-3 was achieved b.ut not consistently. 
components were sent t o  Poco Graphite for  h i g h  temperature 
Various melt b a k i n g  sequences 
The 
A water v a p o r  monitor was used on the reaction tube exhaust 
optimize the post-loading purge cycle a n d  the melt baking time. 
taken to  minimize the exposure of the graphite t o  the atmosphere 
d u r i n g  the loading sequenc’e, t h u s  reducing the adsorption o f  water vapor. 
The epilayers were grown a t  a temperature of 685°C for  periods r a n g i n g  
The from 30 t o  90 minutes, w i t h  thicknesses i n  the range of 1 .5  t o  18pm. 
growth r a t e  of the epilayers was found t o  be l inear ly  dependent o n  the current 
density, which ranged from 6.5 t o  12.0 amps/cm . 
i n  general, exhibited a f ine terracing which i s  charac te r i s t ic  of LPEE grown 
layers.  Photoluminescence measurements performed on these samples indicated 
no s ign i f icant  s h i f t  i n  the peak wavelength (<150A) for  the layers grown i n  
consecutive runs u s i n g  the same melt. 
of the epilayer. 
narrow d i  f f r ac t i  on peaks consistent w i t h  a u n i  form composi t i  on through the 
2 The surface morphology, 
0 
T h i s  suggests a homogeneous composition 
Single c rys ta l  X-ray d i f f rac t ion  measurements indicated 
9 
However, epilayer thickness, w i t h  a l a t t i ce  mismatch of l e s s  tkn 0.03%. 
the samples grown from melts with extensive baki ng for  p u r i  f i  cation o r  excess 
InAs resul ted i n  positive l a t t i ce  mismatches of 0.3%. 
are i n  agreement with photoluminescence measurements in which a large 
growth-to-growth s h i f t  i n  t h e  peak wavelength toward longer wavelength has 
These l a t t e r  resul ts  
been observed. 
Chemical etching of the samples, using the A-B and H-etch solutions [8], 
tiel ped t o  reveal defects which  appeared as etch pits  and  dislocation l i  nes 
on the epilayer surface donot appear t o  originate i n  the substrate material, 
t h u s  indicating t h a t  they a r e  formed as a resul t o f  the i a t t i  ce mismatcn 
between the substrate and the epilayer. 
Secondary ion mass spectroscopy (SIMS) measurements indicated a u n i  form 
composition of the l a t t i c e  matched epi layers wi thi n the experimental error  
of + l o % .  
However, no quantitative conclusion a b o u t  the composition of the epi layers 
These measurements were performed a t  North Caroli na State University. 
could be drawn since, depending on the i o n  source used, the ion yields of 
eiQher In  and Gay or As and P varied over a wide range on the same sample. 
Hall measurements using t h b  van  der Pauw technique were performed t o  
o b t a i n  e lec t r ica l  characterization of the samples. High  puri ty  quaternary 
layers with ca r r i e r  concentrations 9 x and  Hall mobili t ies of 
4,400cm /V-sec a t  room temperature have been obtained. 2 Epi layers are presently 
bei ng doped with Mn, resul ti  ng  in p-type materi a1 with car r ie r  concentrations 
2 x 1 0  cm . 17 -3  
C. DeDosition of Aluminum Oxide for Insulator Awlications 
This task objective was directed toward developing a sui table i nsulator 
deposition process for fabricating MISFET ( i  n su la td  gate FET) structures on 
epitaxial  InGaAs. Tihe 111-V compound semiconductors have generally exhibited 
poor interface characteri s t i c s  w i t h  respect t o  the typical choices of 
10 
deposited insulators;  e.g., Si02 and Si3N4. 
because a chemical v a p o r  deposition process u t i l i z ing  aluminum isopropoxide 
as the source was easi ly  implemented. 
useful a l so  as a masking layer in a processing sequence. 
Aluminum oxide was chosen 
Thi s type of deposited film may be 
Typi cal deposi ti  on conditions were: a rgon  carr i  e r  and purge g a s ,  a b o u t  
2 l i ters/min total  flow in a 50 mm diameter quartz tube, 325-375°C susceptor 
temperature, source bubbl e r  a t  125°C. 
heated with a n  external tungsten lamp)  and  h o t  wall furnace system5 were 
t r i ed ,  
tube surface. 
parti cles. 
B o t h  cold wall ( w i t h  the susceptor 
The l a t t e r  resulted i n  a much heavier deposit upon the reaction 
This appeared t o  contaminate the sample surface w i t h  d u s t  
Deposition of AR203 was performed on Si and InGaAs substrates, the former 
being chosen for economy. 
semiconductor was inferred from the capaci tance-voltage ( C - V )  d a t a  obtai ned 
a t  1MHz. Somewhat classical  C-V d a t a  were obtained for the Si substrates, 
with an apparent flatband v o l t a g e  which was quite small (on  the order of a 
few vol ts)  considering the lack of special precautions t o  avoid sodium ion 
contamination. A feature of all of the C-V d a t a  t o  some extent was a hysteresis 
i n  the anticipated depletion regime of the C-V character is t ics .  Typically 
this  hysteresis exhibited a clockwise sense for low rates of change of the 
gate b i  as. 
lOOmV/sec, the 
clockwise sense as the rate of change was increased. This hysteresis effect  
can be related t o  the difficul t i es  observed by others in  attempting to  use 
this  deposited alumina as t h e  gate insulator i n  MISFETs [9,10]. 
cases the drain current was observed t o  decay af te r  the application of a gate 
bias to  turn the device on. 
by performing an i n  s i t u  
The qual i t y  of the insulator interface w i t h  the 
When the magni tude of the gate b i  as slope exceeded approximately 
hysteresis loop would collapse, t h e n  expand in  the counter- 
In those 
This dr i f t ing  effect  was effectively eliminated 
n a t i v e  oxide etching operation u s i n g  a high 
concentration of HCR vapor before beginning the AR203 deposition from the 
aluminum isopropoxide source [ll;. A system was assembled t o  thermally 
decompose M O C R 5  in hydrogen a t  900°C t o  serve as a source of HCR. 
there was evidence of  H C R  generation w i t h  t h i s  system, i t  was n o t  
easily controlled i n  operation. Thus, the attempt t o  use chemically 
While 
generated H C R  was abandoned. 
was 
sui table 
The  use of anhydrous HCR in a ca r r i e r  gas 
n o t  feasible during t h i s  research e f fo r t  because o f  the lack o f  a 
exhausted enclosure for the deposition a p p a r a t u s .  
The behavior of a MIS capacitor fabricated on n-type S i  i s  i l lus t ra ted  
by the C-V d a t a  shown in F i g .  6. The i n i t i a l  hysteresis loop width ( A )  i s  
a b o u t  7 .5  volts wide. 
one hour the loop width ( B )  had decreased t o  a b o u t  3 . 2  volts. 
After annealing this sample i n  nitrogen a t  350°C for 
These curves 
were recorded a t  z b i a s  sweep r a t e  c f  45C!mY!sec a:,d a frequency o f  IF4Hz .  
Aluminum oxi de layers were also deposi ted on epi taxi a1 layers of InGaAs 
on InP. 
( 4 . 5  V/sec, 1 Wz):  
The AR-AR203 - pInGaAs MIS capacitor C-V d a t a  are shown in F i g .  7 
The p-type InGaAs had a hole concentration of a b o u t  
1 7  -3  2 x 1 0  cm . There i s  s t i l l  a hysteresis effect  and the capacitance change 
i s  much smaller t h a n  i n  the Si  case because o f  the higher car r ie r  concentration 
in the InGaAs. 
The cause of the hysteresis effects i s  apparently an interface s t a t e  
condition between the deposited oxide and the semiconductor surface. 
a function of the type of semiconductor, of course and  the condition of i t s  
surface a t  the time of the insulator deposition. 
This i s  
In the case of I n P ,  auvface 
decomposition can occur even t h o u g h  the deposi tion temperature for the 
aluminum isopropoxide process i s  i n  the 300-400°C range. 
there appeared t o  be a great var iabi l i ty  in the deposition ra te  and the 
quali ty of the oxides from one deposition r u n  t o  the next. 
I n  the current work 
This may be the 
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resul t of v a r i a t i o n  in the concentration of the reactant vapor in  the 
ca r r i e r  gas entering t h e  susceptor region. 
may n o t  completely decompose a t  the substrate surface. 
An excessive amount of vapor 
The etching behavior 
of the oxide layers varied greatly, also, Some layers appeared t o  dissolve 
very quickly i n buffered hydrofluori c acid, whi l e  other samples woul d require 
an hour i n  48% HF t o  remove all o f  the deposited layer. 
isolated islands which dissolved very slowly. 
electron microscope photomicrograph of a layer  of deposited AR203 p a r t i  a l ly  
etched for 3 minutes i n  buffered hydrofluoric acid. 
of the oxide layer i s  visible a t  the r ight  edge of the figure.  
There were 
Figure 8 i s  a scanning 
A masked, unetched region 
The faceted 
appearance suggests t h a t  the material has deposited i n  the form of micro- 
c rys t a l l i t e s .  The variation of etching w i t h  distance from the edge of the 
thick wax mask i s  an unexpected resul t .  
The use of AR203 pyrolyti cally deposi ted from aluminum i sopropoxi de as 
a gate insulator in  a MISFET device i s  no longer considered as a viable 
process i n  this Laboratory. The process may be useful i n  various processing 
steps requiring a mask or insulating layer. 
the added capabili ty of semiconductor surface modification i s  required for 
the sat isfactory fabrication of 111-V MISFET structures.  
A more controlled process w i t h  
Various plasma 
enchanced, or remote plasma systems appear t o  yield the most promising resu l t s .  
A l u m i n u m  oxide has also been deposited by the oxidation of trimethyalumium 
(TMAI) [11,12]. 
phase epitaxy system, i t  may be convenient t o  implement such an oxide 
Since we are currently developing a metalorgani c vapor  
deposition system. 
The success of an insulated gate device depends on a great extent upon 
the qual i ty  of the interface between the insulator and the semiconductor. 
T h i s  quali ty i s  affected by many chemical and  physical factors  which a re  
related t o  the materials selected and  the fabrication process. In the case 
15 
Figure 8. Deposited layer of A1203 on Si par t ia l ly  
etched by buffered HF for  3 min. 
marker i s  1 urn. 
The longer 
16 
of the 111-V semiconducting compounds or a l loys ,  the insulator growth 
or deposition temperature must be low enough to  prevent thermal decomposi tion 
of the semiconductor surface. The nature of th i s  surface i s  c r i t i ca l  
during the i n i t i a l  stages of  deposition. 
resul t s  i na-.metal-rich interface region. 
during the deposition of t h e  insulator generally resul t  i n  an unstable 
device behavior, w i t h  the ins tab i l i ty  result ing from the time response of 
i nterface trappi ng s ta tes .  Native oxides of the 111-V semiconductors also 
tend t o  decompose a t  moderate processing temperatures, a g a i n  leaving Group 
I11 or Group V-rich interfacial  layers.  
interfaces i s presented by Wi lmsen [13]. 
Loss of the Group V constituent 
Native oxides present or formed 
A good review of semiconductor 
D. Metalorsani c VaDor Phase EDi taxv System 
Thi s research in optoelectronic device materials was t o  be complemented 
by hybrid growths i n  conjunction with a metalorgani c vapor phase epitaxy 
(MOVPE) system which i s  being developed i n  our Laboratory. This i s  a 
ver t ical ,  atmospheri c pressure system with two Group I I1 alkyl control 
channels and a Group V hydride channel. 
required considerable time-consuming laboratory/bui ldi ng modifications. 
Funds from th i s  research g r a n t  have been used t o  provide exhaust systems 
for the MCVPE reactor and chemical fume hood. I t  i s  now a t  the stage of 
completing the control a n d  safety i nterlock/alarm system. The intention 
i s  t o  employ L P E E  and MOVPE as complementary g r o w t h  techniques t o  achieve 
high purity by L P E E  and p a r t i c u l a r  sequences, such as I n P  on InGaAs, by 
MOVPE.  (The l a t t e r  ternary growth i s  n o t  possible with LPEE because of 
the dissolution of the ternary layer.) Since the system i s  n o t  currently 
configured t o  accommodate phosphi ne injection, thi s appli cation will have 
t o  awai t further system development fundi ng. 
The system ins ta l la t ion  has 
E.  Future Plans 
Duri ng the remaining g r a n t  period e f for t s  will continue i n the 
materials growth a n d  characterization areas. 
of the ternary InGaAs on InP will continue w i t h  a study also o f  the 
process of etching achieved by reversing the current direction. P-n  
junctions formed in these mas ked regi ons will be characteri zed e lec t r i  - 
cally.  
The masked L P E E  growth 
The quaternary InGaAsP material i s  being doped w i t h  manganese. Low 
temperature Hall e f fec t  and photoluminescence measurements are bei ng 
performed t o  determine the prevalent sca t te r i  ng mechani sms in these f i  lms. 
The f40VPE system will soon be ready for operation. The f i r s t  growths 
will be GaAs i n  o r d e r  t o  e s t ab l i sh  t h e  sys tems  npera t i ng  c h a r a c t e r i s t i c s  
and the purity capability. 
MOVPE system with the addition of indium and phosphine source channels, 
Proposals are being prepared t o  modify the 
and a new injection port t o  make a b r u p t  multilayer structures possible. 
18 
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GROWTH AND CHARACTERIZATION OF Mn-DOPED AND UNDOPED 
InGaAs/InP USING CURRENT CONTROLLED LIQUID PHASE EPITAXY 
by Sami M. Kadamani 
( D r  . A. Abul-Fadl, Advisor)  
I n  t h i s  s tudy ,  t h e  r e s u l t s  o f  growth and c h a r a c t e r i z a t i o n  of 
undoped(n-type) and Mn-doped(p-type) I n  Ga A s  l a y e r s  o n  
F~=dzped(se-,i-insul~~=~~ aiii: Sn-doped(n-type j ( io0  j inP ,  u s i n g  
0.53 0.47 
c u r r e n t  c o n t r o l l e d  l i q u i d  phase e p i t a x y  (CCLPE),  were presented .  
Growth w a s  performed a t  a cons tan t  f u r n a c e  tempera ture  o f  by  
pass ing  d i r e c t  e l ec t r i c  c u r r e n t  o f  2.5 t o  1 0 A / c m  a c r o s s  t h e  
0 
640 C 
2 
subs t r a t e -me l t  (S-M) i n t e r f a c e ,  f o r  p e r i o d s  r ang ing  from 15  t o  
60 minutes .  The average  growth v e l o c i t y  showed a l i n e a r  dependence 
on t h e  c u r r e n t  d e n s i t y .  
Mn-diffusion occurred  during growth of t h e  e p i t a x i a l  l a y e r  on  
Fe-doped InP. However, when Mn-doped l a y e r s  were grown on Sn-doped 
InP, no d i f f u s e d  l a y e r s  were observed. 
Electr ical  c h a r a c t e r i z a t i o n  of  t h e  grown and d i f f u s e d  l a y e r  w a s  
done us ing  Hall measurements a t  room temperature .  The undoped 
InGaAs l a y e r s  e x h i b i t e d  c a r r i e r  c o n c e n t r a t i o n s  in t he  range  o f  
, 
21 
16 3 1 6  3 
0.87~10 / c m  t o  6 . 4 2 ~ 1 0  /cm . While those  of the Mn-doped l a y e r s  
were h i g h e r ,  i n  t h e  range of 1.75~10 / c m  t o  6 . 0 4 ~ 1 0  / c m  . H a l l  17 3 17 3 
measurements a l s o  showed t h a t  t h e  ave rage  carrier c o n c e n t r a t i o n  o f  
t h e  d i f f u s e d  l a y e r  was about  two o r d e r s  of  magnitude below t h a t  of  
t h e  e p i l a y e r .  
SIMS a n a l y s i s  w a s  performed f o r  f u r t h e r  c h a r a c t e r i z a t i o n  of t h e  
Mn-dif f u s i o n  i n t o  semi- insulat ing Fe-doped InP. 
, 
22 
As 0.!33@ 0.47 SELECTIVE ELECTROEPITAXIAL GRCFJTH OF In 
ON (100) Fe-doped Inp 
by S a m i r  M. Maanaki 
( D r .  Ali Abul-fadl, Advisor) 
Electroepitaxy has  been used t o  grow InGaAs on selected (100) 
InP is lands using a sputtered S i 0  layer  a s  t he  subs t ra te  mask. The 
growth was performed by passing low d i r e c t  electric current  of 1A 
for  15 minutes across  the  substrate-melt in t e r f ace  with a constant 
furnace temperature of 640 C. The ep i t ax ia l  layers  were 
characterized with respect to t he i r  surface morphology and thickness 
uniformity. I t  was found from the  experimental r e s u l t s  t h a t  a 
uniform layer w i t h  excellent surface morphology can be achieved on 
small regions as wide a s  2 0 0 ~  and on circles w i t h  diameter of less 
than 500~1 .  Also it was found t h a t  the electric f i e l d  in t ens i ty  
along the  substrate-melt interface of t h e  is lands is dependent upon 
the geometry of t h e  growth regions. Poisson's equation was solved 
by t h e  f i n i t e  e l a n e n t  nethcd to  show the  r e l a t ion  between t h e  
in tens i ty  of t h e  f i e l d  and t h e  uniformity of growth i n  various 
regions. 
2 
. 
23 
PREPARATION A N D  PRGPERTISS OF CVD ALUMINUM 
OXIDE FILMS ON 1 1 1 - V  SEMICONDUCTGSS 
FOR MISFET APPLICATIONS 
By Zongyi  'Cheng 
( D r ,  W. J, C o l l i s ,  A d v i s o r )  
. T h i s  r e s e a r c h  h a s  been conce rned  w i t h  t h e  deve lopmen t  o f  
improved f a b r i c a t i o n  and  measurement t e c h n i q u e s  f o r  a m e t a l -  
i n s u l a t o r - s e m i c o n d u c t o r  f i e l d  e f f e c t  t r a n s i s t o r ( M I S F 2 T ) .  
S p e c i f i c a l l y ,  aluminum oxide f i l m s  were c h o s e n  f o r  t h i s  
i n v e s t i g a t i o n  b e c a u s e  h i g h  q u a l i t y  f i l m s  o f  A1203: .have been  shown 
t o  have  a h i g h  r e s i s t i v i t y  and breakdown f i e l d ,  Aluminum o x i d e  
f i l m s  wero, d e p o s i t e d  on s u b s t r a t e s  f o r  t h i s  s t u d y  by  c h e m i c a l  
v a p o r  d e p o s i t i o n ( C V 9 ) .  R e c e n t l y  i n  o u r  work, t h e  c o n s t r u c t i o n  
of  a h o t  wall CVD sys t em was comple ted  and aluminum o x i d e  f i l m s  
were d e p o s i t e d  by  chemica l  v a p o r  d e p o s i t i o n  a t  320'C. The 
aluminum o x i d e  f i l n s  were i n i t i a l l y  d e p o s i t e d  on s i l i c m  and  
l a t e r  on I n P  and InGaAs. The t e m p e r a t u r e  and f l o w  r a t 2  were 
s t r i c t l y  c o n t r o l l e d  d u r i n g  CVD p r o c e s s .  F i l m  d e f e c t s  were 
reduced  by  f i l t e r i n g  t h e  r e a c t a n t  g a s e s .  
The c a p a c i t a n c e - v o l t a g e ( C V )  measurements  were made on t h e  
m e t a l - i n s u l a t o r - s e m i c o n d u c t o r  (MIS) s t r u c t u r e s  t o  d e t e r m i n e  t h e  
e l e c t r i c a l  c h a r a c t e r i s t i c s .  The f o l l o w i n g  d a t a  a r e  e x p e r i m e n t a l  
r e s u l t s :  
a )  H y s t e r e s i s  i s  p r e s e n t  i n  a11 of t h e  C-V c u r v e s  a s  t h e  g a t e  
v o l t a g e  i s  c y c l i c a l l y  changed f rom p o s i t i v e  t o  n e g a t i v e .  
b )  The w i d t h  of t h e  h y s t e r e s i s  l o o p  o b s e r v e d  i n  t h e  C-V curves 
was found t o  b e  dependen t  upon t h e  b i a s  sweep r a t e .  
1 
c )  As t h e  b i a s  v o l t a g e  sweep r a t e  was i n c r e a s e d ,  t h e  width 
o f  h y s t e r e s i s  would f i r s t  decrease  t o  z e r o  and then  
increase .  
The g a t e  b i a s  was swept  a t  a r a t e  of 4.5 t o  0.04 v/sec 
( d v / d t )  f o r  a maximum v o l t a g e  excursion of k2OV. 
A f t e r  an  annea l ing  process, t h e  width of h y s t e r e s i s  become 
s m a l l e r ,  t h e  h ighe r  t he  annea l ing  tempera ture ,  t h e  sma l l e r  
t h e  h y s t e r e s i s  w i d t h .  
d )  
e )  
Fur the r  improvements i n  NIIS c a p a c i t o r  .performance w i l l '  depend 
upon t h e  q u a l i t y  of t h e  deposited f i l m s  and the r educ t ion  of 
i!?terface s t a t e s .  
. 
CURRENT CONTROLLED LIQUID PHASE EPITAXIAL (CCLPE) GROWTH 
AND CHARACTERIZATION OF InGaAsP ( X -  1.3pm) on (LOO) InP 
Lynora Camille Jones 
(Dr. Shanthi Iyer, Advisor) 
In this thesis research, InGaAsP grown on InP substrates at an 
energy gap corresponding to a peak wavelength of 1.3 vm has been 
reported using the current controlled liquid phase epitaxy technique. 
VL- layeis were grown at a constant furnace temperature of 685°C by 
passing an electric current from the substrate to the melt for periods 
ranging from 30 to 90 minutes. The growth results showed a linear 
relationship between the growth rate of the quaternary epilayer and 
current density (6.5 to 12 A/cm2). The thicknesses of the epilayets 
measured were in the range of 1.5 to 18 pm. 
The above technique produced high purity layers of good quality 
and fine terraced surface morphology. Chemical etching of the 
samples, using the A-B and H-etch solutions, helped to reveal defects 
which after etching, appeared as etch pits and dislocation lines on 
the epilayer. X-ray diffraction measurement showed good lattice match 
between the epilayer and substrate. A lattice mismatch as small as 
0.00027 was obtained. Photoluminescence measurements performed on the 
samples showed a peak wavelength which varied from 1.2 to 1.3pm 
. 26 
depending on the history of the baking cycle. These measurements 
indicated no signficant shift ((150 A) for the layers grown from 
consecutive runs of the same melt indicating a uniform composition of 
the layer. Although SIMS analysis measurements indicated uniform 
composition of the layer, no definite quantitative conclusion on the 
composition could be drawn. Room temperature Hall measurements 
resulted in a Hall mobility and carrier concentration in the range of 
1040 to 4280 cm2/V-sec and 1 x I O l 9  to 2 x 10l6/cm2, respectively. 
27 
GROWI" AND CHARACTERIZATION OF InGaAsP 
ON (1OO)InP SUBSTRATES BY 
CURRFNT CONTROLLED LIQUID PHASE EPITAXY 
by Sai S. Vallabha 
(Dr. Eli% K. Stefanakos, Adviser) 
layers lattice 
first time using 
In this investigation, the growth of InGaAsP 
matched t o  (1OO)Inp substrates is reported for the 
the current controlled liquid phase epitaxy technique. The layers 
were grown at a constant furnace temperatwe of 647 0 c for periods 
2 
rmging from 15 minutes to 2 hours, with a direct current of 3A/cm 
2 
to 1 W c m  . The layers ~ - Q E E  nn-n--*-~-~ vvrlbJplu ~ L -  I,W the two solidus 
and 
compositions, In Ga As P ( X  =1.5&m) 
In Ga As P ( A  =1.31pm). The growth rate of the 
epilayer was found to be linearly dependent on current density for 
0.60 0.40 0.85 0.15 
0.73 0.27 0.60 0.40 
both of these compositions. Further, the growth rate was found to 
be a function of the composition of the quaternary layers. It was 
observed that the growth rate of  In Ga 
As P layers was 
almost six times larger than that of In Ga As P 
0.60 0.40 0.85 0.15 
0.73 0.27 0.60-0.40 
The thichess of the epilayers characterized were in the layers. 
Lattice mismatch between the epilayer and the substrate was 
determined by the X-ray diffraction technique. For 
In Ga A s  P layers a good lattice match with A a/a=O.&% 
0.73 0.27 0.60 0.40 
was obtained, whereas for In Ga As P samples an 
increase lattice mismatch with the growth run was observed. 
0.60 0.40 0.85 0.15 
28 
Photolunhescence measurements were performed to determine the 
For energy gap and composition of the epilayers. 
In Ga As P , a systemtic shift in wavelength was 
observed hdicating a change in the composition of the quaternary 
0.60 0.40 0.85 0.15 
Layer. The photoluminescence peak shifted from 1.Spm to 1.4wm 
using the same melt indicatu a mxhnm shift of 7008. However, 
- 
-t 
f o r  In Ga As P layers us% the same melt, the n r a x ~  
wavelength shift wag mly 2 E A  A%n 1.3yjn to i .Jim. 
0.73 0.27 0.60 0.40 
The surface morphology w a s  examined using a Zeiss optical 
microscope. The surface morphology f o r  In Ga As P 
0.60 0.40 0.85 0.15 
Samples exhibited fine terracine( X =1,56p.). A- 4.L- l r l~t l  =ne growth 
V. 
melt was used f o r  consecutive runs a cross-hatched pattern due to 
generation of misfit dislocations was observed( 1 =1,49~). The 
In Ga As P samples a l s o  exhibited fine terracing, but 
as the same melt was used f o r  consecutive runs, a rough surface was 
0.73 0.27 0.60 0.40 
obtained due to inhibition of growth as a result of increased 
lattice misrratch and also due to depletion of  the solute at the 
interface. Thus, surface morphology was found to be sensitive to 
lattice mismatch. These results were also found consistent with 
X-ray results. The electrical characterization v i a s  done by 
p e r f o m  Hall measurements at room temperature. The resistivity 
and mobility of the quaternary layers were h the range of 9.ZZXlO -3 
-3 2 
to ll.lOX10 ohm-cm. and 3907 to 5689cm /V-sec, respectively. The 
carrier concentration w a s  found to be typically, 10 
17 3 
/cm . 
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SELECTIYE ELECTROEPITAXIAL GROWTH OF I n o .  53Ga0. 47As 
O N  (100)  - Fe: InP 
ALI ABUL-FADL, SAMIR MAANAKI, WARD COLLIS and SMNTHI IYER 
N o r t h  C a r o l i n a  A&T S t a t e  U n i v e r s i t y  
Depar tment  o f  E l e c t r i c a l  E n g i n e e r i n g  
Greensboro.  N o r t h  C a r o l i n a  27411 
A b s t r a c t  
E l e c t r o e p i  t a x y  has been used  t o  grow InGaAs o n  
s e l e c t e d  (100)  I n P  i s l a n d s  u s i n g  a s p u t t e r e d  
l a y e r s  were  c h a r a c t e r i  zed w i t h  r e s p e c t  t o  t h e i r  . 
s u r f a c e  morphology and t h i c k n e s s  u n i  f o r m i  t y .  
The e l e c t r i c  f i e l d  i n t e n s i t y  a l o n g  t h e  s u b s t r a t e  
- m e l t  ( S - M )  i n t e r f a c e  o f  t h e  i s l a n d s  i s  found b y  ' 
s o l v i n g  t h e  f i e l d  e q u a t i o n  by  t h e  f i n i t e  e lemen t  
ce thod .  E x p e r i m e n t a l  r e s u l t s  show t h a t  t h e  
u n i  f o r m i t y  o f  t h e  grown i s l a n d s  can be d i r e c t l y  
r e l a t e d  t o  t h e  u n i f o r m i t y  o f  t h e  e l e c t r i c  f i e l d  
a l o n g  t h e  S,M . i n t e r f a c e .  
ZjQ. l ~ l r o r  2s s ; b s t ~ ; t p  The e p j  ;ax: 6 :  c '"I.' 
I n t r o d u c  t i  o n  
S t u d i e s  on s e l e c t i v e  e p i t a x i a l  g r o w t h  w i t h i n  
windows and on e t c h e d  s u b s t r a t e s  have been 
r e p o r t e d  b y  s e v e r a l  i n v e s t i g a t o r s  [ l - l o ] .  The 
i n t e r e s t  i n  the  s e l e c t i v e  e p i t a x i a l  g r o w t h  i n t o  
t "e  window open ing  o f  a mask l i e s  w i t h  t h e  
1r .heren t  c a p a b i l i t y  o f  e s t a b l i s h i n g  i s o l a t e d  
a r - e a s  o f  e p i t a x i a l  r e g i o n s .  These r e g i o n s  t u v e  
t h e  p o t e n t i  a 1  t o  r e a l  i z e  two- and th ree -d imens ion -  
a l  d e v i c e s  f o r  t h e  f a b r i c a t i o n  o f  o p t o e l e c t r o n i c  
i n t e g r a t e d  c i r c u i t s .  Severa l  g r o w t h  techn iques  
h i v e  been used t o  grow s e l e c t i v e l y  on  I n p  [ l -51  
o n 3  SaAs [ 6 - 1 0 1  s u b s t r a t e s ,  s i n c e  these  m a t e r i a l s  
2 . r ' ~  :he b a s i s  f o r  many semiconduc to r  d e v i c e s  
e r ? l o y e d  i n  g l a s s - f i b e r  conmun ica t i on  systems f o r  
t h e  wave l e n g t h  ranges f rom 1 . 2  t o  1.611111 and 0.85 
t 6  l . ! ~ m .  The g r o u t h  techn iques  i n c l u d e  l i q u i d  
p'use e21 t a x y  (LPE) [ l - 3 1 ,  LPE e l e c t r o e p i  t axy  
( L p i i )  ['.I. o r g a n o m e t a l i c  chemica l  vapor  d e p o s i t -  
1:n ( 0 : K V D )  [ 7 ] ,  vapo r  phase e p i t a x y  ( V P C )  [3] 
1 ~ 6  ; - c i c c u l J r  b e j n  e p i t a x y  (t.1st) [9,1U].  
T h i s  s t u d y  WJ: u n d e r t a k e n  t o  i n v e s t i y t e  :he 
s r c d t h  >Or?'kOlG(ly o f  l a g e r s  o f  InGaAs qrcwn 
s e l e c t i v e l y  on Si33-masked Fe-doped InP  s u b s t r a t e s  
T ' l e  g r o w t h  was p e r f o r T e d  by e l c c t r o e p i  t axy  ( L P l C )  
a t  J c c n s t 3 n t  f u r n a c e  tempera tu re  b y  p ' i ss ing  a 
d i r e c t  e l e c t r i c  c u r r e n t  f r o n  the  s u b s t r a t c  t o  t h c  
a c l t .  
A nJ?heR lJ t iCJ l  model o f  e l e c t r o e p i t a x y  was a l s o  
de'JC3:G;>(Ad ,ind J s o l u t i c n  f o r  P o i s s o n ' s  e q u a t i o n  
i n  t!;c su!)::rite dnd a long  the  s u S s t r d t ( ! - i i e l t  
lc:erf! , :r !  4 3 s  o ! l t a ined  u s i n g  !hc f i n i t e  e!cr:ient 
C . I .  : 'iud , 
E x p e r i m e n t a l  P rocedure  
The s e l e c t i v e  g r o w t h  o f  InGaAs was c a r r i e d  o u t  i n  
a m o d i f i e d  LPE a p p a r a t u s  w i t h  a s l i d i n g  g r a p h i t e  
i n  t h i s  s t u d y  were (100) s e m i - i n s u l a t i n g  ( i r o n -  
doped) I n P  s u b s t r a t e s  ( 1 2  x l2mm.and abou t  4 0 b m  
t h i c k ) .  They were  c l e a n e d  w i t h  o r g a n i c  s o l v e n t s  
u s i n g  warm t r i c h l o r o e t h y l e n e  (TCE), ace tone  and 
me thano l .  The m a s k i n g  p a t t e r n  was f i r s t  formed i n  
a p h o t o r e s i s t  l a y e r .  
(1000 - 2800 1) was t h e n  a p p l i e d  t o  t h e  exposed 
a rcas  and f i n a l l y  t h e  p h o t o r e s i s t  was removed by 
acetone.  l e a v i n q  b e h i n d  t h e  SiO? mask. The I n P  
i s l a n d s  d e f i n e d  by  t h e  S i O z  mask were  o f  v a r i o u s  
s i z e s  ( 8 0  x 10Ooum t o  3000 x 300011m) and d i f f e r e n t  
g e o m e t r i e s  ( n a r r o w  and w i d e  s t r i p s ,  square,  c i r c o l a r )  
The p a t t e r n e d  s u b s t r a t e  was t h e n  c l e a n e d  w i t h  
o r g a n i c  s o l v e n t s  and s t i r  e t c h e d  w i t h  a 1% B r -  
methanol  b e f o r e  i t  was l o a d e d  i n t o  t h e  g r o w t h  b o a t .  
The g r o w t h  was p e r f o r m e d  a t  a c o n s t a n t  f u r n a c e  
t e m p e r a t u r e  o f  640°C b y  p a s s i n g  a d i r e c t  e l e c t r i c  
c u r r e n t  o f  1 Wcm2 f o r  a p e r i o d  o f  1 5  m inu tes .  
A l t h o u g h  t h e  s e m i - i n s u l a t i n g  s u b s t r a t e s  have a room 
t e m p e r a t u r e  
g r o w t h  t e m p e r a t u r e  (640°C) t h e  c o n d u c t i v i t y  i s  - 
adequate f o r  LPEE t o  be per formed.  A t  t h i s  temper-  
a t u r e ,  t h e  i n t r i n s i c  c a r r i e r  c o n c e n t r a t i o n  i s  abou t  
5 x 1016/cm3. In a d d i t i o n ,  i t  i s  a l s o  p o s s i b l e  t h a t  
deep i n i p u r i  t y  l e v e l s  i n  t h e  s e m i - i n s u l a t i n g  sub- 
s t r a t e  a r e  i o n i z e d ,  t e n d i n g  t o  i n c r e a s e  t h e  c o n d u c t -  
i v i  t y  f u r t h e r .  E x p e r i m e n t a l  measurements o f  t h e  
s u b s t r a t e  r e s i s t a n c e  a t  t h e  g r o w t h  t e m p e r a t u r e  
r e s u l  t e d  i n  about  60 m:?. 
A f t e r  g r o w t h  t h e  s u b s t r a t e  was removed f rom the  
g r o w t h  a p p a r a t u s  and t h e  l a y e r  W J S  examined by 
i i i t e t ' f e r e n c e  c o n t r a s t  m i c r o s c o p y .  The n iorpholoqy 
and u n i f o r m i t y  o f  t h e  l a y e r s  were s t u d i e d  b y  ClEJv-  
i r ig  and e t c h i n g  s e v e r a l  samples w i t h  C3rc(CN)6:KOr{: 
H20 s o l u t i o n  t o  d e l i n e a t e  t h e  g r o w t h  l a y e r  f r o m  tlif 
s u l ~ s t r a t e .  
Expc r i rnen ta l  Rcsul t s  
Typ i  c a l  s u r f a c e  morpho1 ogy o f  t h e  s e l e c t i v e l y  grown 
layc r :  d r e  shown i n  f i g u r e s  1,  2, and 3.  F i g u r e s  
1 ,ind 1 are  ~ t l o t o l ~ i i c r o ~ r ~ a ( ~ h S  o f  a na r row S t r i p  
( 1 5 0  x 1000111:i) Jnd a c i r c u \ a r  , i r ca  w i t h  a r a d i u s  r f  
25ni:in r e s p e c t i v v i y .  r i g u r e  3 i s  a pho tomic rog rJDb  
o f  J w i d e  s t r i p  ( 7 8 0  x 20001,rn). F i g u r e s  1 arid ? 
c l c c i r l y  show t c r r a c c - f r e e  s u r f a c e s  w i t h  no  v o i d s  o r  
d r i f r c t :  o r  o t h c r  f e a t u r e s .  I n  f i r ; u rp  3 t h e  s u r f a c e  
I i lo t .pJ \o lca~y  IS s i m i l a r  t o  t h o s e  i n  f i g u r e s  i and 2 
boat .  de;:;ibEd ?:SEidhC?i-e [ 1 i j .  i h e  SdiTipieL used 
A s p u t t e r  d e p o s i t e d  S i 0 2  l a y e r  
r e s i s t i v i t y  e x c e e d i n g  lO7n-cm. a t  t h e  
, 
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e r c e p t  f o r  t h e  c e n t r a l  r e g i o n  where t h e  l a y e r  i s  
abou t  3.7um t h i n n e r  and o f  i n f e r i o r  q u a l i t y .  The 
abrmrmal  g r o w t h  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  w i d e  
s t r i p  geomet r i es  i s  a t t r i b u t e d  t o  n o n - u n i f o r m i t y  
o f  t h e  e l e c t r i c  f i e l d .  - - .  
I ,  .. 'I! : 
F i g u r e  1. S u r f a c e  morphology o f  InGaAs e p i l a y e r  
grown on a narrow s t r i p  geometry  a t  
64OOC and 1 W C d - 1 5  m inu tes .  
. .  
- . .. 
F i g u r e  4 i s  a pho tomic rog raph  o f  a c l e a v e d  s e c t i o n  
o f  t h e  l a y e r  shown i n  f i g u r e  1. 
a 1 . 2 m  e t c h e d  l a y e r  f rom the  s u b s t r a t e  and t h e  
grown l a y e r .  
p r o t r u d e d  f r o m  t h e  s u b s t r a t e  c o i n c i d e d  w i t h  t h e  m:sk 
p a t t e r n  and t h e  s i d e s  o f  t h e  l a y e r  a r e  p e r p e n d i c u l a  
t o  t h e  <111> d i r e c t i o n s  ( a b o u t  54.8" a n g l e  w i t h  t h e  
(100 )  s u r f a c e ) .  
The f i g u r e  shows ' 
The shape o f  t h e  g r o w t h  l a y e r  t h a t  
F i g u r e  4 .  Cleaved  s e c t i o n  o f  t h e  na r row s t r i p  
shown i n  F i a .  1. The l a y e r  i s  abou t  
17pm t h i c k  and 
F i g u r e  5 shown t w o  na r row 
The s t r i p s  a r e  abou t  80pm 
t h i c k  a s  t h e  l a y e r  shown 
t h e  c r o s s - s e c t i o n  i s  t r a p  
a r e  d e t e r m i n e d  t o  be (111 
smooth i n  a l l  c l e a v e d  sec 
b y  t h e  chemica l  e t c h i n g  o 
t e l y  f i l l e d  w i t h  t h e  grow 
n l z n  qhnw t h > t  t h o  l ? y ? r -  
150pm wide.  
s t r i p s .  s i  d e - b y - s i  de. 
r t ide and abou t  t w i c e  as 
n f i g u r e  4 .  The shape o f  
z o i d a l  and t h e  s i d e  w a l l s  
p lanes .  The pho tog raphs  
ILhc_?r:tg i ntgrf3:- j 5 
i o n s  and a l l  u n d e r c u t t i n g  
t h e  s u b s t r a t e  i s  comple- 
h l a y e r .  
F i g u r e  2. S u r f a c e  morpholo y o f  InGaAs e p i l a y e r  
grown on ,I c i r c u q a r  geometry  a t  640'Cand 
1A f o r  15 m inu tes .  
F i g u r e  5 .  C leaved  s e c t i o n  o f  two na r row s t r i p s  
s i d e - b y - s i d e .  
8011lil w i d e  and 4511in t h i c k  and t h e  o t h e r  
s t r i p  i s  abou t  1OOuni w ide  and 3 4 ~  t h i c k .  
The one s t r i p  i s  about  
f l  Jure 3 .  S u r f a c e  morphology o f  InGaAs e p i l a y e r  
grown on a w i d e  s t r i p  geometry  a t  640 'C 
and 1 A  f o r  15 m inu tes .  . 
E l e c t r o e p i  t a x y  model 
I n  t he  i i i a t h e i i i a t i c a l  model o f  s e l e c t i v e  e l e c t r o -  
e p i t d x y  p r e s e n t e d  i n  t h i s  s t u d y  i t  i s  assumed t h t  
t h e  s o l u t e  t r a n s p o r t e d  t o  t h e  a d v a n c i n g  g r o w t h  
i n t e r f J c e  i s  rcnioved f rom the s o l u t i o n  o n l y  th rough  
L 
,i 
32 
e p i t a x i a l  g rowth  on the  subs t ra te .  
model developed by B rysk iew icz  (123 f o r  LPEE o f  
mu1 t i  component systems y i e l d s  the  f o l l o w i n g  
exp ress ion  f o r  the  growth  v e l o c i t y  
The t h e o r e t i c a l  
V = - OTOfl + E f 2  
where ATo i s the  change i n  i n t e r f a c e  temperature, 
p r i m a r i l y  due t o  the  P e l t i e r  c o o l i n g  a t  the  semi- 
conductor -mel t  ( 5 - M )  i n t e r f a c e ,  E i s  t he  e l e c t r i c  
, f i e l d  due t o  the  e l e c t r i c  c u r r e n t  f low, fl and f2  
a r e  f u n c t i o n s  o f  m e l t  components and a r e  indepen- 
den t  o f  AT0 and E. Under low c u r r e n t  c o n d i t i o n s  
and t h i n  subs t ra tes ,  t he  i n t e r a c t i o n  between the  
P e l t i e r  c o o l i n g  on one s i d e  and the  P e l t i e r  heat ing  
on the  Other  s i d e  of  t he  s u b s t r a t e  i s  h i g h  ( A T  can 
;be neg lec ted )  and the  g rowth  i s  p r i m a r i l y  due ?o 
. t he  e l e c t r i c  f i e l d  E such as 
V = E f Z  
.The above equa t ion  i n d i c a t e s  t h a t  under  c o n t r o l l e d  
jcond i  [ i ons ,  t he  l a y e r  u n i f o r m i t y  i s  governed by 
. t he  u n i  f o n i  t y  o f  the  e l e c t r i c  f i e l d  a long t h e  S-?,, 
mathemat ica l  model shown i n  f i g r e  6 w i t h  t h e  
. a p p l i e d  boundary c o n d i t i o n s  i s  used. The e l e c t r i c  
. f i e l d  i s  cons idered w i t h i n  the  s u b s t r a t e  bounded by 
t h e  back c o n t a c t  m e l t  on one s i d e  and the  growth 
m e l t  on the  o t h e r  s i d e .  The g rowth  m e l t  s i d e  i s  
non - recep t i ve  f o r  c r y s t a l  g rowth  excep t  f o r  a 
, s t r i p - l i k e  r e g i o n  o f  w i d t h  w.  A two dimensional  
,Po isson ' s  equa t ion  i s  cons idered f o r  the  mathemat- 
i c a l  a n a l y s i s  t o  so l ve  f o r  t h e e l e t r i c  f i e l d  d i s -  
- t r i b u t i o n  i n  the  s u b s t r a t e  and a long t h e  subs t ra te -  
m e l t  i n t e r f a c e .  
t : - . - .  r . - -  7 -  e-.- A L -  
. I I I L C ' r - l d L c .  I U  > w i v e  I U I  C l l e  e i e c i i i c  i i e l d ,  a 
I inP 
F i p r e  6. Schematic c r o s s - s e c t i o n  o f  t he  
subs t ra te ,  g rowth  me l t .  and back 
c o n t a c t  m e l t ,  model used t o  analyze 
s e l e c t i v e  e p i t a x y .  
The equa t ion  i n  two dimension i S  o f  t he  form 
where 4 ,  ps ,  E S .  
t o t a l  space-charge i n  the  semiconductor and p e r m i t -  
t i v i t y  o f  t h e  semiconductor r e s p e c t i v e l y .  The model 
i s  d i v i d e d  i n t o  th ree  r e g i o n s  f o r  t h e  a p p l i e d  
boundary c o n d i t i o n s  the  back c o n t a c t  m e l t - I n P  r e g i  on 
the  g rowth  m e l t - I n P  reg ion ,  and the  S i02- InP reg ion .  
The e l e c t r i c  f i e l d  " i n  the  g rowth  m e l t  a t  y 2 d 
and back c o n t a c t  m e l t  y - 0 i s  
a r e  the  e l e c t r i c  p o t e n t i a l  
5 <  
where J i s  the  e l e c t r i c  c u r r e n t  d e n s i t y  and a i s t h e  
c o n d u c t i v i t y  o f  the  m e l t .  If one assumes an i d e a l  
meta l  ( t h e  I n  m e l t ) ,  u i s  v e r y  l a r g e  and f o r  smal l  
c u r r e n t  d e n s i t y  a* i s  approx imate ly  equal t o  zero .  
A t  t he  $ i 0 2 - I n P  i n t e r f a c e ,  the  e l e c t r i c  f i e l d  i s  
p r o p o r t i o n a l  t o  the  r a t i o  o f  p e r m i t t i v i t i e s  such as 
5 
~~ .- ... . .  .. 
where c i  i s  the  i n s u l a t o r  p e r m i t t i v i t y  and c S  i s  the 
InP p e r m i t t i v i t y .  For  O(x 0)  = 1.0 v o l t  and an 
ox ide  th i ckness  o f  28OOh, $$Isio2. i s  approx imate ly  
equal t o  3 . 5 7  V/pm and 371 nP s i o 2  i s c a l c u l a t e d  t o  
be about 1.12V/pm. The e f e c t r i c  p o t e n t i a l  a long  
the  subs t ra te -g rowth -me l t  i n t e r f a c e  i s  s e t  t o  0.0 
v o l t ,  and a t  x = W, y = d, @(W,d) = C ( x . 0 )  - I RSub.  
F o r  I = 1 . O A  and R S &  = 60 mR O(W.d) i s  about 0.94 V. 
The t o t a l  space-charge ps i n  the  s u b s t r a t e  i s  g i v e n  
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by 
pS = -q (n -p  + N i l  
, 7 1 8 a c I  3 .h -.-- ., - - p, 6:; K; it r: tktc e;ctnc<l~al y L i u i y c ,  
e l e c t r o n  d e n s i t y ,  h o l e  d e n s i t y ,  and i o n i z e d  
i m p u r i t i e s  from deep l e v e l s ,  r e s p e c t i v e l y .  S ince  
n = p = n i  a t  t he  g rowth  temperature (640°C). then 
where N' range from over  6 x 10i5/cm3 t o  n e a r l y  
A f i n i t e  e lement  method i s  a p p l i e d  t o  the s o l u t i o n  
o f  Po isson ' s  equa t ion  o v e r  the d e f i n e d  model. The 
e q u i p o t e n t i a l  and f i e l d  cantour  p l o t s  f o r  narrow 
s t r i p  and wide s t r i p  geomet r ies  a rc  shown i n  
f i g u r e s  7 and 8. 
4 x 101 f? /cm3. 
i 
33 
I 
C . 9  1 . 8  2 . ?  3 . 6  4 . S  S . 4  6 . 1  7 . 2  (1 .1  9 . 0  
( 100. ". I 
f i g u r e  7 .  E q u i p o t e n t i a l  and e l e c t r i c - f i e l d  
contour  p l o t s  f o r  narrow s t r i p  geometry 
(1 s e c t i o n ) .  
1 . 6  
1 
'1 
0.4 
I 
c . 9  1 . 6  2 . :  1 . 6  4 . 5  S . 4  6.3 7 . 2  8 . l  9 . 0  
f ICD. " P  1 - - 
F i g u r e  3 .  E q u i p o t e n t i a l  and e l e c t r i c  f i e l d  
contour  p l o t s  f o r  w ide  s t r !p  geometry 
( 4  s e c t i o n ) .  
P l o t s  o f  :he normal ized  f i e l d  i n t e n s i t y  a long the 
g rowth  m e l t - s u b s t r a t e  i n t e r f a c e  f o r  the two 
geomet r les  i s  shown i n  f i g u r e  9.  The f i e l d  
i n t e n s i t y  i s  c a l c u l a t e d  u s i n g  the  e q u i p o t e n t i a l  
c o n t o u r  p l o t  c l o s e s t  t o  t h e  s t r i p  and a 
i nc remen t  o f  20vm wide. The p l o t s  c l e a r f y  show 
t h a t  t he  f i e l d  i n t e n s i t y  along narrow s t r i p  
geometry i s  more uni  form than i n  w ide  geometry, 
r i d  
N a r r o w  s t r i p  
x Wide  s t r i p  
I 
I I I I 
0.0 6 0  1 2 0  ' 1'80 ' 2410 ( / J m )  
F i g u r e  9. Normal ized  e l e c t r i c  f i e l d  i n t e n s i t y  
p l o t s  f o r  narrow and wide geometr ies.  
Conc lus ion  
The computer s i m u l a t i o n  r e s u l t s  show t h a t  t he  
e l e c t r i c  f i e l d  i n t e n s i t y  a long t h e  growth  i n t e r f a c e  
f o r  narrow s t r i p  geometry i s  more uni  form than i n  
w ide  geometry. As a r e s u l t ,  t h e  l a y e r  grown on ~ 
narrow s t r i p s  were more un i fo rm and have b e t t e r  , 
s u r f a c e  morphology. 
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